In this paper preliminary results of a study about the diagnostic benefits of 3D visualization and quantitation of stenosed coronary artery segments are presented. As is well known, even biplane angiographic images do not provide enough information for binary reconstruction. Therefore, apriori information about the slice to be reconstructed must be incorporated into the reconstruction algorithm. One approach is to assume a circular cross-section of the coronary artery. Hence, the diameter is estimated from the contours of the vessels in both projections. Another approach is to search for a solution of the reconstruction problem close to the previously reconstructed adjacent slice. In this paper we follow the first method based on contour information. The reconstructed coronary segment is visualized in three dimensions. Based on the obtained geometry of the obstruction the pertinent blood flow impedance is estimated on the basis of fluid dynamic principles. The results of applying the reconstruction algorithms to clinical coronary biplane exposures are presented with an indication of the assessed flow impedance.
Introduction
Coronary arteriography is a standard diagnostic procedure in cardiology. With this imaging technique, however, the assessment of the severity and clinical relevance of a stenosis in a coronary artery requires much skill. Even with biplane imaging where two orthogonal views of the stenosed vessel segment are acquired, the interpretation is complicated.
This paper reports about a part of a larger study devoted to the question of whether quantification and 3D visualization of a stenosed artery will benefit the cardiologist in the diagnostic task mentioned above. A good overview about the quantitative assessment of stenosed coronary arteries can be found in Reiber et al. [1] . This paper is in line with previous work [2, 3, 4 ] based on digitized cine-film images. In this previous work the ill-posed problem of binary 3D reconstruction from biplane exposures is regularized by incorporating into the reconstruction algorithm a priori information, such as the shape of the adjacent (previously reconstructed) slice. The results of this paper, however, are obtained using the assumption that the cross-sections of the vessels are circular. The main topics in this paper are the reconstruction and visualization of the vessels and the assessment of the flow impedance based on the reconstructed geometry. Results of applying the When the 3D geometry of a stenosis is known, the resulting flow can be calculated in principle by means of a fluid dynamical computation. However, the computational complexity of this inverse problem is prohibitive. The vascular geometry together with the boundary conditions are not known, as only recordings of flow patterns of injected contrast material are available.
We therefore seek a more modest approach and aim at the assessment of the flow impedance on the basis of a geometrical model of the shape of the stenosed artery segment (Section 3).
In this geometrical model the stenosed coronary artery consists of a set of cylindrical tubes, which is consistent with our assumption of circular vessel cross-sections. The question about the clinical relevance of the stenosis can now be addressed using a simplified hemodynamic flow model, following Logan [5] . The flow model is depicted in Fig. 1 focus 137 resistance of the capillary bed and P1, the mean aortic diastolic pressure. The flow Q is given by Q = P1/(Ra + Re). The flow Q is regulated by the resistance Rc of the capillary vessels (coronary autoregulation). Only in case of minimal Re, the resistance Ra of the pertinent coronary artery segment becomes flow limiting. In Section 2 the image acquisition and data handling procedures are described. The reconstruction, display and flow assessment are described in the subsequent sections.
Image acquisition and data handling
The data processed in this paper are acquired with a Philips Digital Cardiac Imaging (DCI) system which is the all digital catheterization laboratory.
• contour point In fact the excellent image quality of the system together with the access to biplane images from Leiden University Hospital made us decide to look again at the problem of 3D reconstruction and display of stenosed segments of coronary vessels. The system is schematically depicted in Fig. 2 (only the frontal image acquisition is indicated). X-ray pulses are generated (typ. 5-8 ms) at a rate of 15-30 frames/s in order to freeze the motion of the coronary arteries which are injected with a contrast agent by means of a positioned catheter. The X-ray photons which have traversed the patient are converted into a video image by the image intensifier-TV system. The resulting video signal is digitized in 8 bits after analog processing. The images are stored on a real time digital disk in 512 * 512,8 bit up to 60 frames/s or in case of biplane up to 2 -30 frames/s.
Parallel to the storage on disk, the images are processed (i. e. MTF corrected) and displayed on a monitor. A versatile user-interface is provided for viewing and post-processing.
For our purpose selected biplane runs from Leiden University Hospital were transferred from the disk and archived on a digital streamer tape in an off-line process. The tapes were transferred to the VICOM image processor of the Philips Predevelopment Group for fnrther off-line processing.
In principle, densitometric analysis of angio- grams requires corrections to be applied to the images. A not exhaustive list includes removal of background structures by log-subtraction of an empty mask image acquired prior to iodine injection (a cumbersome procedure in cardiac imaging due to object movements), correction for pincushion distortion due to the curved detector screen of the image intensifier, restoration of the effects of X-ray scatter and veiling glare. Algorithms with good results in clinical situations are available. However, in the feasibility phase of our project no corrections were applied as we only need to use the contour information of the imaged vessels. The images were selected such that the stenosed vessel segments were positioned not too far from the center of the image and furthermore with the frontal and lateral geometrical magnifications approximately equal. The data handling is as follows. In the selected images the contours of the stenosed vessel segments were traced manually with a cursor under cross-section (j + 1) cross-section j cross-section(j -1) track-ball control. The selected contour points were stored in a file, and transferred to a VAX 11/750 computer where they serve as input data for the 3D reconstruction and display procedure. The next section describes this procedure in greater detail.
3D Reconstruction and display from circular cross-sections
Orthogonal biplane images which are almost simultaneously acquired, are used to reconstruct coronary sections. In both projections the contours of the vessel were defined, as described in the previous section. The diameter and the location of the center of each circular cross section had to be determined from this information. The axis of the vessel segment, therefore, should not be parallel to one of the X-ray beams. In practice, the angle must be more than 10 degrees with the xz-plane (see the projection geometry as indicated in Fig. 3 ). Note the left orientation of the coordinate frame, which is often used in 3D computer graphics. Furthermore, it is necessary that a so-called reference point can be distinguished in both projection images. Such a marker, for example a catheter tip, is required for a good matching of the two sets of contour points. The marker was indicated by the cursor under track-ball control and its coordinates are stored.
In the first ('first' can be either frontal or lateral) image the vessel segment to be reconstructed was selected. The axis of this segment was defined by indicating in the image two points of which the coordinates are stored (Fig. 4) The vessel contours were traced manually by a cursor under track-ball control. The contour was approximated by straight-line segments between selected contour points. The next step is indicated in Fig. 5 . The points defining the vessel axis and the set of contour points were translated and rotated in such a way that the vessel axis and the minimum point coincide with the y-axis and the origin, respectively.
From the coordinates of the reference point the corresponding part of the vessel in the second projection image was selected. Again, two points were indicated for defining the axis of the vessel segment and the contour of the second projection was traced.
After translation and rotation, the length of the segment axis in the second projection was made equal to the length of the axis in the first proj ection. With linear interpolation the coordinates of the contour points at y = kh were determined in both images (k = 0, 1 , . . . , n) with h the y-distance of the segment of the vessel to be reconstructed divided by n, the number of slices selected. For the 3D reconstruction the coordinates of the center points and the diameter of each circular slice were deter- mined. The diameter of the circular vessel element is defined as the mean value of the distance between the left and right contour point in both projections. Finally, the center points were rotated to the original position in the xyz-frame. The object at this stage was represented as a set of parallel circles with in principle variable radius, stacked in 3D space. For the display of the reconstructed coronary vessel segment the coordinates of the surface points were required. Therefore, the circle elements were approximated by polygons. By generating triangles between adjacent polygon-shaped slices, the surface of the reconstructed vessel segment was built (Fig. 6 ) for simplicity the slices in this figure are situated right on top of each other and have the same size. For objects with circular cross-sections the tiling of the surface is quite simple by taking the same number of vertices for each polygon.
Finally, the 3D display is completed by specifying the position of a light source and a viewing angle in the xyz-frame. Hence, the light intensities reflected from the triangle surfaces were calculated and displayed as an image. The reflected intensities were interpolated according to the Phong-shading algorithm, which results in smooth looking objects (see the results in Section 5).
Flow impedance
As already stated in the introduction the flow impedance of the reconstructed vessel segment can be computed on the basis of a geometrical model of the stenosed coronary artery. Because we neglected here the pulsatile character of the coronary flow, the imaginary part of the flow impedance equals zero. In Fig. 7 the model is presented; the following parameters are indicated explicitly: the minimum and normal diameters Dm~n and Dno,m, respectively and the length of the obstruction L. In vitro experiments of Lipscomb and Hooten [8] and Seeley and Young [9] have revealed that the other geometrical parameters of Fig. 7 , such as eccentricity and exit angle, are of limited importance. Experiments by van Dreumel [10] have shown that the influence of the exit angle is negligible for Reynold numbers larger than 50, a condition certainly valid in coronary vessels. In order to achieve an assessment of the flow impedance of an obstruction we calculated the three geometrical parameters Dmi~, Dno~m and L. From these parameters the flow resistance Ra was computed as: This formula for the calculation of the flow resistance is widely used in the literature, see Young and Tsai [6, 7] , Gould [11] , Reiber et al. [1] . The first term in equation (1) tonian fluid. The second term indicates the pressure drop due to separation at the end of the stenosis. Note that this term is proportional to the mean coronary blood flow Q. The published agreement between theory and experiment related to equation (1) (the error is about 15%) is sufficient for the purpose of our study. In order to evaluate the obtained flow impedance values, we calculated a parameter which we termed the 'percentage flow conductivity reduction'. This parameter is defined as:
( 1 00% with Ra the flow resistance of eq. (1) 
Results
In this section the theory of this paper is applied to three coronary arterial segments. Of each stenosed artery segment the frontal and lateral coronary angiograms are given, followed by 3D visualizations of the pertinent segment under four different viewing angles. Subsequently, the flow impedance values were calculated on the basis of the reconstructed geometry. The geometrical parameters were determined in pixels. From the known size of a catheter the calibration factor was calculated in mm/pixel. The frontal and lateral coronary angiograms of the first example are presented in Figs 8 and 9 , respectively. The imaged object is a balloon, partially inflated with contrast agent, following the shape of the stenosis. The reconstructed result is presented for four different viewing angles in Fig. 10 . The obtained geometrical parameters are summarized in Table 1 .
The calculated flow impedance values as a function of the mean coronary blood flow Q are given in Table 2 . The frontal and lateral coronary angiograms of the second example are presented in Figs 11 and 12 , respectively. The reconstructed results for four different viewing angles are displayed in Fig. 13 . The obtained geometrical parameters are summarized in Table 3 .
The calculated flow impedance values as a function of Q are given in Table 4 . The frontal and lateral coronary angiograms of the third example are presented in Figs 14 and 15 , respectively. The reconstructed result is presented for four different viewing angles in Fig. 16 . The obtained geometrical parameters are summarized in Table 5 , while the calculated flow impedance values as a function of Q are given in Table 6 .
Discussion of the results
The few processed cases do not justify a firm con- Another relative straight-forward extention of the presented work would take the pulsatile character of the coronary flow into account. This leads to complex flow impedance values.
The responses of a few selected cardiologists when confronted with the examples presented in the previous section were promising/mitigated enthousiasm. The off-line character of the processing was clearly felt as a severe drawback. The 3D images were not presented to the cardiologist during a catheterization procedure but only weeks after the examination or treatment of the patient. As a resuit, the diagnostic value added was very little (if at all).
Our conjecture is that 3D visualization and quantification of the flow impedance of the stenosis are useful diagnostic tools, provided the computations can be carried out on-line between cardiac exposure runs.
It is evident, that further research in this direction must be carried out.
